Thermoresistance shields cancer cells from damage by hyperthermia, decreasing the efficacy of photothermal therapy. Therefore, the design of photothermal therapeutic systems that avoid inducing thermoresistance is highly desirable for precision medicine. Herein, by simply assembling a cationic polymer and a long single strand of DNA encoded with multivalent deoxyribozyme (or DNAzyme) sequences, we have developed a sponge-like nanoplatform for highly efficient photothermal therapy that uses DNAzymes to overcome thermal resistance. The multivalent customized DNAzymes can catalytically cleave HSP70 mRNAs and downregulate the expression of their proteins, which protect MCF-7 cells from damage by hyperthermia. In vitro and in vivo studies have demonstrated the capability of this therapeutic platform to sensitize MCF-7 cells to heat by inhibiting the overexpression of HSP70. In addition, the nanoplatform can act as an efficient multimode imaging agent to trace its accumulation in tumor tissue.
Introduction
Acquired or intrinsic cancer therapeutic resistance has been one of the major challenges in clinical practice. The mechanisms involved in cancer therapeutic resistance protect cancer cells from being killed by chemodrugs or other agents, resulting in a limited therapeutic effect [1] [2] [3] . Therefore, the need for efficient cancer therapy has fueled the development of innovative approaches to preventing therapeutic resistance. Advances in nanotechnology have made nanomaterials promising candidates for the development of therapeutic agents [4] [5] [6] [7] . Appropriately sized nanomaterials could be endowed with the ability to achieve many objectives that are difficult to address with chemodrugs. In particular, nanoparticles with nearinfrared (NIR) light-to-heat conversion capabilities have attracted interest for use in photothermal cancer therapy. To date, a variety of nanomaterials including noble metalbased nanomaterials, carbon-based nanomaterials, and copper sulfide nanoparticles have been widely employed as photothermal therapy (PTT) agents [8] [9] [10] [11] [12] [13] [14] . As a promising alternative or supplement to traditional cancer therapy, PTT is minimally invasive and compensates for the reduced therapeutic efficacy caused by chemodrug resistance. In addition, PTT can be combined with other therapeutic methodologies, such as chemotherapy and gene therapy, to achieve high therapeutic efficacy against cancer [15] [16] [17] . Nevertheless, recent studies have indicated that PTT is always accompanied by a heat shock response that shields cancer cells from damage by hyperthermia, decreasing its therapeutic efficacy [18] [19] [20] . To enhance therapeutic efficacy, a higher irradiation power or larger administration dose is required, which may result in severe side effects due to the overheating of neighboring normal tissue. Therefore, the ability to kill cancer cells without inducing thermoresistance by PTT remains challenging.
The heat shock protein (HSP) family has been indicated as a central factor that contributes to thermoresistance during cancer PTT by inhibiting hyperthermia-induced apoptosis 21, 22 . During the heat shock response, the expression levels of most HSPs are increased, leading to a decrease in the efficacy of PTT. Attempts have been made to induce dysfunction of HSPs by introducing small molecular inhibitors 18, 23 . Although these attempts were promising in anticancer therapy, severe side effects may occur due to their intrinsic toxicity. An alternative approach for improving photothermal efficiency involves inhibiting the expression of HSPs by interfering with their genes 24, 25 . DNAzymes are more attractive than other gene therapeutic agents because of their easy, low-cost synthesis, high catalytic efficiency and selectivity. DNAzymes can be designed to bind to a complementary target mRNA and cleave it 26 . Herein, we have developed a DNAzymenanosponge therapeutic platform to enable the highly efficient photothermal treatment of cancer by catalytically restraining the expression of HSPs. As shown in Scheme 1, the photothermal small molecule indocyanine green (ICG), an FDA-approved NIR cyanine dye, was used for PTT 27 . The nanotherapeutic platform, which could absorb ICG in a sponge-like manner, was constructed easily by assembling a cation polymer and long singlestranded DNA with repeated DNAzyme domains. The nanosponges were of an appropriate size for accumulation at the tumor via an enhanced permeability and retention (EPR) effect. The multivalence of the DNAzymes that were incorporated into the nanosponge allowed the effective attenuation of the thermoresistance by silencing the HSP gene. In addition, the intrinsic biodegradability of this nanotherapeutic platform would eliminate concerns regarding their potential long-term toxicity.
Materials and methods

Rolling cycle amplification (RCA) of HSP70 DNAzyme
All HPLC-purified oligonucleotides used in this work (Table S1 ) were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The long single-stranded HSP70 DNAzyme was synthesized by RCA as described in our previous work 26 . Fluorescein-12-dUTP (0.1 mM) was also added for synthesize the fluorescein isothiocyanate (FITC)-labeled HSP70 DNAzymes (FITC-Dz). The HSP70 DNAzymes were precipitated by ethyl alcohol and sodium acetate.
In vitro cleavage activity of nanosponges
Nanosponges were dissolved to a concentration of 5 μM in 50 µL of simulated lysosomal fluid buffer (142 mg/L Na 2 HPO 4 , 6.65 g/L NaCl, 62 mg/L Na 2 SO 4 , 29 mg/L CaCl 2 ·H 2 O, 250 mg/L glycine, 8.09 g/L potassium phthalate, pH 4.5) and sonicated for 15 s. Following incubation at 37°C for 0, 30, 60, 90, 120, 150, 180, 210, and 240 min, the pH of the nanosponge suspensions was adjusted to neutral by adding 750 µL of PBS (pH 7.4). The catalytic activity of the nanosponge suspensions was detected by the hydrolysis rate of a diribonucleotide within a fluorescent nucleic acid probe. The concentration of the probe mRNA was 2.5 μM. The fluorescence intensity was measured using a fluorescence spectrophotometer (Hitachi, F-7000, Japan).
Synthesis and characterization of nanosponge-ICG nanoparticles
The synthesis of nanosponge-ICG nanoparticles was carried out via the following steps. First, 2.5 µM HSP70 DNAzyme was mixed with branched PEI (25k) at N/P ratios of 5, 10, and 20 for 1 h in aqueous solution. Excess PEI was removed by centrifugation (5000 rpm, 5 min) to obtain PEI-coated DNAzyme (nanosponge). Then, after centrifugation, the nanosponge was further loaded with ICG (Macklin, Shanghai, China) using a similar method.
Scheme 1 Illustration of DNAzyme-based nanosponges for highly efficient photothermal therapy For this purpose, 0.2 mg/mL ICG in aqueous solution was mixed with the nanosponge precipitate under vigorous stirring. The final nanoparticles (nanosponge-ICG) were obtained by centrifugation (10,000 rpm, 10 min) and resuspended in ultrapure water.
The loading efficiency (LE) of ICG in the nanosponge was detected as follows. Fresh nanosponge was isolated from aqueous suspension by ultracentrifugation (10,000 rpm, 10 min). Non-loaded ICG in the suspending liquid was removed. Then, the concentration of ICG loaded in the nanosponge was determined at the wavelength of 775 nm by a microplate reader. The LE was calculated by the following formula:
The morphologies of nanosponge-ICG were determined by scanning electron microscopy (SEM, JEOL, JSM-7500F, Japan) and transmission electron microscopy (TEM, FEI, Tecnai G2, USA). Energy dispersive spectra (EDS) was used to analyze the composition of the nanosponge-ICG. The zeta potential was determined using a Nano-ZS (Malvern Instruments) system with disposable cuvettes. The UV/Vis absorption spectra of free ICG and nanosponge-ICG were obtained using a UV/ Vis spectrophotometer (U2900, Hitachi, Japan).
In vitro photothermal efficiency
One milliliter of nanosponge-ICG solution (containing 0.05, 0.1, 0.2 mg/mL ICG) was added to a centrifuge tube. The samples were irradiated for 6 min with 0.2, 0.4, 0.8, and 1.2 W/cm 2 NIR light, and the temperature changes were simultaneously recorded by an infrared thermal imaging camera.
Hemolysis assay of nanosponge-ICG nanoparticles
Blood was freshly drawn from a male ICR mouse by cardiac puncture. A 10% w/v red blood cell (RBC) solution was obtained. Then, the 0.1 mL RBC suspension was mixed with 0.9 mL of nanosponge-ICG nanoparticle solution (2.5-10 µM). After 30 min of incubation, the mixture was centrifuged (3000 rpm, 10 min) to remove non-lysed RBCs. The absorbance of the released hemoglobin was determined at the wavelength of 570 nm by a microplate reader.
Cell culture
MCF-7 cells were purchased from the cell bank of Peking Union Medical College (Beijing, China), and incubated in Dulbecco's Modified Eagle's Medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin in a 37°C, 5% CO 2 atmosphere. For HSP detection, cellular uptake, PCR, and western blot analysis, cells (10 5 cells per well) were precultured in 6-well plates for 24 h before use.
Cellular uptake and subcellular localization of nanosponge-ICG
After being seeded in 6-well culture plates, cells were incubated with FITC-Dz (2.5 μM), ICG (0.05 mg/mL), or nanosponge-ICG (2.5 μM, containing 0.05 mg/mL ICG) for 1, 2, 4, and 8 h. The uptake of FITC-Dz, ICG, and nanosponge-ICG into the cells was analyzed by a FACScalibur flow cytometer.
Lyso-Tracker Red and Hoechst 33342 probe (Thermo Fisher Scientific, Waltham, MA, USA) were used to determine the subcellular localization. In brief, MCF-7 cells were treated with 2.5 μM of nanosponge-ICG for 4 h. Next, the cells were stained with Lyso-Tracker dyes. The subcellular localization was detected by confocal laser scanning microscopy (CLSM) (Olympus, IX81, Japan). The fluorescence was imaged at excitation wavelengths of 350 nm for Hoechst 33342, 577 nm for Lyso-Tracker Red, 488 nm for FITC, and 633 nm for ICG.
Heat shock response detection
Briefly, MCF-7 cells were treated with 0.05 mg/mL ICG and incubated for 8 h. The cells were harvested at 0, 1, 2, 4, and 8 h after NIR light irradiation (808 nm, 1 W/cm 2 , 5 min), and the HSP70 gene expression was determined by real-time PCR and western blot.
Cell viability assay
Cells were seeded (1 × 10 5 cells per well) in a 96-well plate and incubated with 2.5 μM DNAzyme, 0.05 mg/mL ICG, 2.5 μM con-nanosponge-ICG (a nanosponge without HSP70 DNAzyme, containing 0.05 mg/mL ICG), or 2.5 μM nanosponge-ICG (containing 0.05 mg/mL ICG) for 24 h. After being washed three times, the cells were illuminated with NIR light (808 nm, 1 W/cm 2 , 5 min). After further culture for 24 h further culture, an MTT assay was conducted at a wavelength of 570 nm using a microplate reader (Molecular Devices, VersaMax, USA).
Real-time PCR analysis
MCF-7 cells were incubated with 0.05 mg/mL ICG, 2.5 μM con-nanosponge-ICG, or 2.5 μM nanosponge-ICG (both containing 0.05 mg/mL ICG) for 24 h. After washing three times with PBS, the cells were immersed in fresh culture medium and illuminated with NIR light (808 nm, 1 W/cm 2 , 5 min). After further treatment for 24 h, total RNA was extracted by Trizol reagent (Invitrogen, Carlsbad, CA, USA). Quantitative PCR was performed using Power SYBR Green PCR Master Mix (Thermo Scientific, Waltham, MA, USA). The used primer DNA sequences are listed in Table S2 .
Western blot analysis
After the same treatment described in the section on real-time PCR analysis, cells were lysed in buffer (100 mmol/L tris-HCl pH 7.4, 1% TritonX-100, 150 mmol/L NaCl, 10 μg/mL aprotinin, 1 mM phenylmethanesulfonylfluoride, 10 μg/mL leupeptin). Total cellular proteins were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane, then blocked. After this step, polyclonal anti-HSP70 antibody (Proteintech, Wuhan, China) was added. The final detection was performed by ChemiDoc XRS+ with Image Lab software (Bio-RAD).
Animal xenograft model
All the experiments were conducted in accordance with the institutional animal use and care regulations. For inoculation, approximately 1 × 10 7 MCF-7 cells were subcutaneously injected into female BALB/c nude mice (Weitong Lihua, Beijing, China). ICG (0.1 mg/L), connanosponge-ICG, and nanosponge-ICG (with ICG content of 0.1 mg/L) stock solutions were prepared for animal experiments.
In vivo study of the biodistribution of ICG and nanosponge-ICG Three groups of mice were intravenously injected with 100 μL of saline, ICG, or nanosponge-ICG for imaging. Then, the major organs were harvested for biodistribution analysis. Detection was conducted on a LI-COR Odyssey Infrared Imaging System (MSOT inVision 128, iThera Medical, Germany).
In vivo PTT
An in situ intratumoral experiment was conducted on ambilateral tumor-bearing mice by injecting 100 μL of ICG or nanosponge-ICG. Then, the tumors were irradiated with NIR light (808 nm, 2 W/cm 2 , 10 min) after 8 h. The tumor temperature was recorded using an infrared thermal camera. To evaluate the in vivo antitumor effect, MCF-7 tumor-bearing mice (tumor volume approximately 100 mm 3 ) were randomly divided into eight groups (six per group). They were injected with 100 μL of saline, DNAzyme, ICG, ICG, con-nanosponge-ICG, connanosponge-ICG, nanosponge-ICG, or nanosponge-ICG through the tail vein. The mice were then irradiated with NIR light (2 W/cm 2 , 10 min).
Histological examination
The major organs and tumor tissues were excised and processed into paraffin slices. Then, the sliced tissues were stained with hematoxylin and eosin (H&E) for histological examination.
Hematotoxicity
Blood and tissues were harvested from mice intravenously injected with DNAzyme (5 μM), ICG (0.1 mg/mL), 5 μM con-nanosponge-ICG, and 5 μM nanosponge-ICG (containing 0.1 mg/mL ICG) 15 days post injection. Eight important cardiac, hepatic, and kidney function indicators (LDH, HBDH, CK, ALT, AST, UA, BUN, Cr) were measured.
Immunohistochemistry and TUNEL assay HSP70 expression was analyzed using immunohistochemistry. Tissue slices were incubated with rabbit polyclonal antibody anti-HSP70 at 4°C overnight. Immunohistochemical staining of HSP70 was performed using a streptavidin-biotin-peroxidase complex and diaminobenzidine. The results were evaluated by the immunohistochemical score. Apoptosis in the tumor tissue was determined by the TUNEL assay.
Results and discussion
Characterization of DNAzyme-nanosponge
In the current study, the first step in the construction of DNAzyme-nanosponges involved the preparation of a long single strand of DNA with repeated DNAzyme domains using a method (Fig. S1 ) 28 . The RCA template was customized with two HSP70 DNAzymes that catalytically cleave the HSP70 gene at different sites for highly efficient gene silencing. Then, nanosponges with a size of approximately 68 nm, as determined by DLS (Fig. S2c) , were constructed by simply assembling the long single strand of DNA and branched PEI. The SEM and TEM images (Fig. 1a, S2 ) indicate that the nanosponges were monodisperse due to the amino groups on the surface. The EDS results show that these nanosponges are mainly composed of the elements C, P, O, and N (Fig. S3) . The zeta potential in Fig. 1b provides potent evidence for the successful synthesis of the nanosponge-ICG. Initially, the DNAzymes obtained by RCA were negatively charged. After incubation with PEI, the zeta potential increased from −36 mV to 19.7 mV. The positive charge of these nanosponges guaranteed their high adsorption of negatively charged small molecules. However, the LE of these nanosponges for the photothermal agent ICG reached a maximum at an N/P ratio of 10. To perform highly efficient cancer therapy, nanosponges with an N/P ratio of 10 were employed in the subsequent experiments. Because the typical absorption peak of ICG was located in the NIR region, the typical absorption peak of nanosponge-ICG remained in the NIR region (Fig. 1c) . The photothermal conversion property of the nanosponge-ICG was determined by irradiation with 808 nm light. As shown in Fig. 1d , the temperature of the nanosponge-ICG increased by 28.1°C after exposure to NIR light for 6 min. However, the temperature of water increased by only 3.2°C. Then, we tested the photothermal conversion efficiency by altering the concentration of the nanosponge-ICG as well as the irradiation energy. The temperature trends for this material are shown in Fig. S4 and demonstrate that the photothermal heating effect increased monotonically with these two parameters. These results indicate that the nanosponge-ICG possesses good photothermal properties.
Internalization of DNAzyme-nanosponge
The nanosponge-ICG was stable with a zeta potential of +6 mV. In addition, the nanosponge-ICG could effectively protect DNA from degradation and promote efficient cellular uptake. HSP70 is a survival protein that is overexpressed in various malignant tumors, and its expression correlates with increased cell proliferation, poor differentiation, and poor therapeutic outcomes in human breast cancer 29 . In particular, the expression of HSP70 is upregulated substantially by heat stress in breast cancer cells to protect these cells from damage, resulting in the failure of thermal therapy 17, 18, 25 . Here, MCF-7 cells were chosen as model cells to investigate the PTT efficiency of DNAzyme-nanosponges. The nanosponge-ICG was labeled with FITC to facilitate the fluorescence observation of cellular uptake under CLSM. As shown in (Fig. 2b) . Because the main gene silencing location was in the cytoplasm, we monitored the track of the nanosponges at different time points. Previous studies have indicated that many therapeutic nanoparticles enter cells via the endosomal pathway and localize in the lysosome 30 . However, the lysosomal escape of these nanoparticles remained an issue that affected their therapeutic efficiency. The results in Fig. 2c show that the green color of the nanosponges and the red color of the lysosome are co-located at the same position at 2 h. Then, these two colors separated over time, indicating the successful escape of these nanoparticles from the lysosome. This result was due to the protonation of the PEI in the nanosponge, which promoted the escape of the nanoparticles from the lysosome 31 . After demonstrating the internalization pathway of the nanosponges, we investigated the impact of the acidic lysosomal environment on the catalytic capacity of the nanosponges. As the DNAzymes were encoded in long single-stranded DNA, the release of these DNAzymes was different from that of short oligonucleotides, such as siRNA. The cationic polymer PEI in the nanosponge became protonated, swelled, and dissociated from the long single-stranded DNA when they were incubated in acidic buffer. Once the embedded DNAzyme sequences were able to contact their reaction substrates, their catalytic capacity recovered. As shown in Fig. S5 , the catalytic capacity recovered with increasing incubation time in the acidic lysosomal environment.
Inhibition of the proliferation of cancer cells by DNAzymenanosponge
HSP70 exists in nearly all living organisms and is upregulated by heat stress to protect cells from thermal damage 32 . As shown in Fig. S6 , the expression of HSP70 increased significantly 1 h after irradiation and was nearly 3.2 times that of the control cells at 4 h. These results demonstrate that a heat shock response occurred in MCF-7 cells under ICG-mediated PTT, protecting the cells from hyperthermic damage and potentially impacting the PTT efficacy. To confirm the effectiveness of using nanosponge-ICG as a photothermal therapeutic agent, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay against the MCF-7 cell line under NIR light irradiation was carried out. The results shown in Fig. 3a indicate that no significant cytotoxicity was observed upon incubation with DNAzyme, ICG, or nanosponge-ICG. It is important to note that the photothermal conversion efficiency of ICG decreases over time due to its photodegradability 33 . As expected, only 20% of the MCF-7 cells treated with ICG were killed under NIR irradiation at a power density of 1 W/cm 2 . However, the viability of the cells treated with con-nanosponge-ICG decreased substantially upon NIR light irradiation, indicating the efficient intracellular ICG delivery and protection of these agents. In comparison to the previously mentioned experiments without HSP70 mRNA interference, the viability was further decreased from 43 to 22% by incubation with nanosponge-ICG, indicating that DNAzyme-based HSP70 gene silencing can increase the sensitivity of MCF-7 cells to heat. After irradiation and 24 h incubation, the cells were stained using a LIVE/DEAD fixable dead cell stain kit (Life Technologies, Grand Island, NY, USA). The living and dead cells were stained blue and green, respectively. The images in Fig. 3b indicate that more cells were killed by incubation with nanosponge-ICG under NIR light irradiation than in the nanosponge-ICG or ICG group, which is consistent with the MTT results. Next, the HSP70 mRNA silencing efficiency of nanosponge-ICG in PTT was investigated using real-time quantitative PCR and western blots (Fig. 3c, d) . Under 808 nm laser irradiation, HSP70 was substantially overexpressed at both the mRNA and protein levels in the ICG and con-nanosponge-ICG groups. After silencing of the HSP70 gene using the DNAzymes embedded in the nanosponge, the expression decreased to a normal level. Therefore, the multivalent DNAzymes may act as an efficient gene silencing agent to sensitize MCF-7 cells to heat, improving the PTT efficiency.
In vivo location of DNAzyme-nanosponge
After demonstrating their high HSP70 gene silencing capability and enhanced photothermal therapeutic efficiency, we used these nanosponges for in vivo cancer therapy. The enrichment of nanosponge-ICG in tumor tissue is a prerequisite for successful gene silencing in vivo, and therefore the distribution of nanosponge-ICG in mice was examined. MCF-7 xenograft BALB/c node Fig. 3 Evaluating the antitumor effect of DNAzyme-nanosponge in vitro. a Cell viability of MCF-7 cells measured 24 h after incubation with 2.5 μM DNAzyme, 0.05 mg/mL ICG, 2.5 μM con-nanosponge-ICG, or nanosponge-ICG (both containing 0.05 mg/mL ICG) at an irradiation power density of 1 W/cm 2 . b LIVE/DEAD viability/cytotoxicity assay (all cells were stained with blue using NucBlue ® Live reagent, and dead cells were stained with green using NucGreen TM Dead reagent). Bar: 400 μM. c Real-time quantitative PCR and d western blot analysis of HSP70 mRNA and protein expression in MCF-7 cells treated with free ICG, con-nanosponge-ICG, or nanosponge-ICG under 808 nm NIR laser irradiation mice with a maximum tumor volume of 100 mm 3 were intravenously injected with DNAzyme, ICG, con-nanosponge-ICG, or nanosponge-ICG. After 24 h, the tumors in the mice were irradiated with an 808 nm laser at a power density of 2 W/cm 2 for 10 min. Due to the loading of ICG and deep penetration of the NIR light, the nanosponges have the potential for photothermal imaging and photoacoustic (PA) imaging to monitor the accumulation of nanosponge-ICG in tumor tissues. As shown in Fig. 4a , an increase in temperature was observed in the nanosponge-ICG group. However, the increase in temperature was much lower in the ICG group. Similar results were obtained using PA imaging. The results in Fig. 4b indicate that a strong PA signal appeared at the tumor site at 24 h in the nanosponge-ICG group. In contrast, a much lower PA signal was observed in the ICG group. Nanoparticles that range from 20 to 200 nm may accumulate in tumors via the EPR effect, but small molecules tend to be rapidly cleaned up 34 . This phenomenon contributed to the remarkable difference between the ICG and nanosponge-ICG groups. The as-developed nanosponges could also be used for fluorescent imaging to determine their distribution in the major organs. The results in Fig. 4c indicate that fluorescence appeared in the tumor section in the nanosponge-ICG group, which was consistent with the photothermal imaging and PA imaging results. In addition, the major organs of mice injected with ICG or nanosponge-ICG were harvested 24 h after injection for Fig. 4d and S7, the fluorescence in the tumor tissues was stronger than that in other organs in both the ICG and nanosponge-ICG groups 24 h after intravenous administration. These results suggest that nanosponge-ICG, with its high tumor accumulation, is a promising theranostic agent for simultaneous thermal, PA, and fluorescence imaging.
In vivo PTT
To confirm the in vivo gene silencing and PTT efficacy of nanosponge-ICG, female xenograft nude mice were randomly divided into eight groups and intravenously injected with different samples. At 24 h after injection, the tumors of the mice treated with ICG, con-nanosponge-ICG, and nanosponge-ICG were irradiated with an 808 nm laser at a power density of 2 W/cm 2 for 10 min. After 24 h, the tumors were harvested, and the expression of HSP70 was measured by immunohistochemistry. As shown in Fig. 5d and Table S3 , the HSP70 protein expression increased significantly in the ICG and connanosponge-ICG groups after NIR light irradiation, suggesting the occurrence of thermal resistance in the tumors. In contrast, no obvious elevated expression of the HSP70 protein was observed in the nanosponge-ICG group. The lower expression of HSP70 in the nanosponge-ICG group may be due to the targeted silencing effects of the HSP70 DNAzyme delivered by the nanosponge to the tumor. The tumor volume measured for each group was also plotted as a function of time in Fig. 5a . The mice treated with DNAzyme, ICG, connanosponge-ICG, or nanosponge-ICG exhibited rapid tumor growth that was similar to the trend observed for the control group. This result suggested that free DNAzyme, ICG, and nanosponge-ICG were not toxic to the cancer cells. In ICG + L or con-nanosponge-ICG + L group, tumor growth was decreased due to the photothermal heat. However, the thermal resistance of the tumor cells increased due to the unsatisfactory photothermal therapeutic effect, resulting in the recurrence of the tumor and eventual failure of the treatment. In contrast, by silencing the HSP70 gene using multivalent DNAzymes in the nanosponge, the photothermal therapeutic efficiency was improved (Fig. 5a, b, c) . Due to the inhibited expression of the HSP70 protein, the sensitivity of the cancer cells to heat increased, which improved the photothermal therapeutic efficiency. Next, H&E staining was used to assess the pathological morphology of the tumor tissues. Distinctive features of cellular damage including abundant pyknosis, coagulative necrosis, and considerable regions of karyolysis were observed in the laser-treated tumor tissue obtained from mice treated with the nanosponge-ICG group. However, the damage was slight in tumors from the ICG + L or con-nanosponge-ICG + L group (Fig. 5e) . Then, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) was used to determine the levels of necrosis and apoptosis. More green fluorescent cells were observed in the ICG + L, con-nanosponge-ICG + L, and nanosponge-ICG + L groups than in the control group, implying that ICG-mediated PTT could cause cell death via activating apoptosis. In the nanosponge-ICG + L group, the number of green fluorescent cells increases substantially, indicating that more cells undergo apoptosis at the same laser power. Therefore, the increased sensitivity of cancer cells toward photothermal heat was due to nanosponge-ICG-mediated HSP70 silencing, which resulted in additional cancer cell apoptosis. As a control experiment, mice with bilateral tumors (on the left and right flanks) were intratumorally injected with ICG (left) and nanosponge-ICG (right) to investigate the photothermal effects. Solutions consisting of 100 μL of ICG and nanosponge-ICG containing 0.1 mg/mL ICG were injected into the center of each tumor. The surface temperature of the right tumor, which was injected with nanosponge-ICG, increased rapidly within 120 s under laser irradiation administered 8 h post injection (Fig. S8) . Due to the long retention effect of nanosponge-ICG and the downregulation of the HSP70 protein, the right group exhibited an antitumor effect (Fig. S9) . Therefore, nanosponge-ICG acts as an efficient therapeutic agent to overcome thermal resistance by DNAzyme-based HSP70 gene silencing.
Biosafety analysis of DNAzyme-nanosponge
Potential in vivo toxicity is one primary concern that needs to be investigated prior to the practical application of nanomaterials. The biocompatibility of nanosponge-ICG with blood cells was determined by testing the hemolytic behaviors of these nanomaterials at different concentrations. The results shown in Fig. S10 indicate that almost no hemolysis of blood cells was detected even at a concentration as high as 10 µM. In addition, serum was collected from each group to evaluate the in vivo toxicity 15 days after injection. Eight important cardiac, hepatic, and kidney function indicators (ALT, AST, UA, BUN, Cr, LDH, HBDH, CK) were measured. All the indicators shown in Table S4 were in the reference ranges and exhibited no significant differences between the nanosponge-ICG and control groups, which confirmed that the nanosponge-ICG therapeutic agent exhibited good biocompatibility in this test. Histological analysis of the heart, liver, spleen, lung, and kidney indicated no abnormalities in the tissue structures, revealing that no tissue damage, lesions, or inflammation was observed after nanosponge-ICG injection (Fig. S11) . Therefore, these results demonstrate the non-toxicity and biocompatibility of these nanotherapeutic agents as well as their promise for use in clinical applications.
Conclusion
In summary, we have developed a nanosponge-ICG therapeutic platform for highly efficient PTT using DNAzymes to overcome thermal resistance. The nanosponge was constructed by simply assembling a cationic polymer and a long single strand of DNA, which can be customized with multivalent DNAzyme sequences using the RCA method. The multivalent DNAzyme can efficiently silence the HSP70 gene to sensitize MCF-7 cells to heat, eliminating the heat shock response of cancer cells. In vitro studies demonstrated that this nanosponge-ICG therapeutic platform can downregulate the expression of HSP70 genes or proteins to normal levels upon photothermal treatment and thereby enhance the therapeutic efficiency. In addition, the nanosponge-ICG can act as an efficient multimode imaging agent to trace its accumulation in tumor tissue. The in vivo antitumor results indicated that tumor growth can be restrained by PTT without adverse side effects after the injection of nanosponge-ICG, indicating the in vivo effectiveness of the nanosponge as a gene silencing agent to sensitize MCF-7 cells to heat. Due to its biocompatibility and high efficiency, nanosponge-ICG is a promising nanotherapeutic agent for PTT.
